Self-consistent minimum free-energy calculations of the structure and lattice dynamics of forsterite at high pressure (up to 30 GPa) and high temperature (up to 1850 K) have been performed using an approach based on the Bom model of solids. In the free-energy minimization procedure, lattice dynamics and thermodynamic properties are calculated self-consistently within the quasi-harmonic approximation (QHA). The results of the free-energy minimizations are compared with recent spectroscopic studies of forsterite at high pressure and high temperature. The predicted variations of mode frequencies with compression are consistent with those obtained from high-pressure spectroscopy. On the other hand, the variations with temperature are underestimated. Because the variations of lattice dynamics with pressure are related to anharmonic properties such as the Gruneisen parameter and thermal expansion, it is concluded that most of the extrinsic (i.e., volume dependent) anharmonicity can be accounted for within the QHA. On the other hand, the variations of the lattice dynamics with temperature also include intrinsic (i.e., volume free) anharmonic effects, which are not accounted for in the QHA. In forsterite, these effects become significant for thermodynamic properties (heat capacities and thermal expansion) above 1200 K.
INTRODUCTION
Accurate mineralogical and coinpositional modeling of the Earth's mantle from seismic data requires the knowledge of the thermodynamic properties of minerals at the very high pressures and temperatures that they experience in the Earth's interiors. In particular, equations of state are needed to model the observed density and sound velocity profiles, while thermal and anharmonic properties are needed to infer the temperature gradient and predict phase relations.
With the development of high pressure apparati, the in situ study of minerals under mantle conditions has become possible. Specifically, equations of state can be established from, for instance, X ray diffraction; on the other hand, the determination of thermodynamic properties (entropies and high-temperature heat capacities) of high-pressure phases is less straightforward because of the minute amounts available and because they are metastable at ambient pressure and high temperature. The estimation of thermodynamic properties is generally achieved through the vibrational modeling of spectroscopic IR and Raman data at mnbient [Kieffer, 1979a [Kieffer, , b, c, 1980 [Kieffer, , 1982 Akaogi et al., 1984] or high pressure [e.g., Chopelas, 1990a, b] . In vibrational modeling, however, the quasi-harmonic approximation (QHA) is often assumed. Recent 1Now at Laboratoire de Min6ralogie Physique. G6osciences Rennes, Finally, in the interpretation of seismic data [Anderson, 1987 [Anderson, , 1989 or in the calculation of the adiabatic gradient [Stacey, 1977; Brown and Shankland, 1985; Quareni and Mulargia, 1989 ], the QHA is often assumed, on the grounds that anharmonic effects are limited to high temperatures and low pressures [Hardy, 1980] . Thus it is essential to define the conditions for which anharmonicity can be neglected, i.e., where the QHA is valid.
Because anharmonicity has been extensively studied in forsterite [e.g., Anderson and Suzuki, 1983 For the THB1 potential used in this study (Table 1) , the parameters were derived from fitting either to quantum mechanic energy surfaces or to the structural and elastic properties of binary oxides [Price et al., 1987a] . The structural, elastic and thermodynamic properties (in association with lattice dynamics) are then calculated at various simulated pressures and temperatures using energy minimization procedures available via the code PARAPOCS [Parker and Price, 1989] . THB1 has been found successful in modeling the structure, lattice dynamics and thermodynamics of forsterite and its high-pressure polymorphs [Price et al., 1987a, b] . 
COMPUTED EQUATION OF STATE OF FORSTER1TE
The TBH1 predicted structure and elastic properties of forsterite at ambient conditions (Table 2) Figure 3) . The main discrepancy comes from the }tit values of the internal modes of the silicon tetrahedron which are systematically lower from theory (0.15 to 1.5 with an arithmetic mean of 0.42) than from experiments (0.3 to 1.6 with an arithmetic mean of 0.66); this is probably due to the high predicted incompressibility of the $iO 4 tetrahedron (=550 GPa), which is more than twice the value commonly derived from highpressure X ray refinements for orthosilicates [Hazen and Finger, 1982, 1989; Kudoh and Takeuchi, 1985] . The high predicted imcompressibility of the tetrahedron has little influence on the bulk modulus because the compression of the structure is mainly governed by the octahedra. The predicted mode Gruneisen parameters of the external modes are in good overall agreement with experiments (-0.9 to 5.8 with an arithmetic mean about 1.37 against 0.6 to 2.1 with an arithmetic mean about 1.33, respectively). The wider scatter of values from theory may be due to the fact that some eigenvectors are incorrectly predicted; in particular, the values predicted for low-frequency modes (50 to 150 cm-1)are generally high (4 to 6) because YiT values are inversely proportional to the mode frequency. Similarly, the negative value for one Au mode Gruneisen parameter is dubious, although negative shifts with pressure are observed in some compounds such as rutile, tetragonal GeO 2 and stishovite [Mammone and Sharma, 1979; Hemley, 1987; Sharma, 1989] . In experiments, these modes cannot be observed either because they are spectroscopically inactive (A u symmetry) or because they are too weak. In high-pressure infrared studies, for instance, spectra are collected over an area were pressure gradient are large, causing a broadening of the peaks that may impede the resolution of small peaks located near strong peaks. In contrast, high-frequency internal modes, which are the more intense in both vibrational spectroscopies, are more evenly sampled in high-pressure measurements ( Raman mode frequency evolution with pressure was observed, for instance, in quartz [Hemley, 1987] .
LATTI• DYNAMICS AT HIGH TEMPERATURE Experimental Results
Raman spectra of forsterite have been collected up to 1350 K by Gillet et al. [1991] . Within the experimental temperature range and uncertainties, the frequencies display a linear negative dependence on temperature. In order to compare these results with the high-pressure data, it is necessary to define a dimensionless parameter, the isobaric Gruneisen parameter These are found to be in general significantly different and higher than the classical isothermal ones (Table 3) •/p are very different from the actual ones (Table 3, Figure 3) and the observed frequency shifts with temperature are reproduced only qualitatively.
MODE GRUNEISEN, MACROSCOPIC GRUNEISEN PARAMETERS AND THERMAL EXPANSION Mode Gruneisen and Anharmonic Parameters
Before discussing the relationships between the mode Gruneisen, y/, and the macroscopic Gruneisen, 7, parameters, [Chopelas, 1990a] . In our energy minimization, the mode and average Gruneisen parameters were calculated at 27 points in the Brillouin zone (BZ) and the < y> quoted in Table 2 is temperatures. Above 1850K, the energy minilnization fails because of the breakdown of the QHA.
DISCUSSION AND CONCLUSIONS
Using the THB1 potential to investigate the lattice dynamics of forsterite at high pressure and high temperature, we find that on the one hand, the variations of the predicted (q=0)-phonon frequencies with pressure compare favorably with both Raman and IR investigations up to 30 GPa, while on the other hand, the variations with temperature are not quantitatively predicted.
The disagreement with the high-temperature data is attributed to intrinsic anharmonic effects which cannot be modeled within the QHA used in the free-energy minimization. Inversely, the good agreement with high-pressure data shows that most of the extrinsic, i.e., volume dependent properties such as the Gruneisen parameter and related thermal expansion can be modeled within the QHA. Therefore the QHA proves useful in predicting the thermodynamic properties of minerals provided that within the P-T range of interest, the intrinsic anharmonic effects are negligible. Hardy [1980] has shown qualitatively that anharmonic effects are restricted to relatively high temperatures and low pressures and might therefore be neglected in most studies of the mantle. However, it is highly desirable to have a more quantitative estimate of the extent of anharmonic effects for mineral phases relevant to the mantle. The analysis of the properties of forsterite is probably the best way to constrain these effects because they have been extensively characterized.
Recent studies [Gillet et al., 1989 [Gillet et al., , 1991 .significant improvement of our knowledge of these parameters is therefore required. Molecular dynamics simulations, which directly account for anharmonicity, are currently under progress in order to establish with more confidence the extent of anharmonic effects at high pressure. Moreover, in this study, we have only investigated the effects of anharmonicity on bulk thermodynamic properties: these results do not mean that anharmonicity does not exist at a microscopic level at high pressure and low temperature, even though most of vibrational properties of minerals can be described through the QHA. For intance, the ai parameters are observed to differ from zero at room conditions were they have no noticeable effect on the heat capacity. Finally, anharmonicity will become important at the onset of phase transitions involving soft modes (e.g. possibly in MgSiO3-perovskite) and will consequently affect properties such as the Gruneisen parameter, thermal expansion and heat capacity.
